ABSTRACT Agricultural terraces, as typically artificial landforms, have maintained an important role throughout human history. Terrace ridges, which form the main constructive part of terraces, face the greatest risk from gully or gravity erosion. Mapping terrace ridges can benefit agricultural production management and soil-and-water conservation. This study presents a contour-directional detection method that automatically maps terrace ridges by considering the image features and topographic features of terraces. First, the terrace areas were extracted via object-based image analysis. Second, the Canny edge detector was employed to extract all edges from the image, and a digital elevation model (DEM) was used to generate the contour direction. The contour direction and edge image were then overlaid to implement the contour-directional detection method, which detects ridges along the contour direction. Finally, those candidate terrace ridges which lengths exceed an appropriate threshold were identified as terrace ridges. Five study areas located in the Loess Plateau of China were used to validate the proposed method. The results showed that the correctness, completeness, and quality ranged from 82.57% to 94.92%, from 82.51% to 88.39%, and from 70.28% to 84.40%, respectively. However, the proposed method is widely available and can be easily applied by using open global images and DEMs, such as Google Earth images and ASTER GDEM.
I. INTRODUCTION
Agricultural terraces, as typically artificial landforms, have maintained an important role throughout human history. Given that transforming sloping fields into terraced fields improves agricultural production and facilitates soil-andwater conservation [1] - [5] , terraces are being widely built all over the world. Since the previous century, the Chinese government has implemented projects to transform slope farmlands into terraces to improve the cultivation environment.
The European Common Agricultural Policy also highlights
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the importance of terraces as integrated systems of land and natural resource management [6] .
The effect of terraces on the natural environment has received much research attention [7] - [11] . In previous studies, terrace mapping, which determines the distribution, magnitude, and topographical properties of terraces, is a basic and significant task. Field investigation [12] , [13] and visual interpretation [14] , [15] are traditional methods for terrace mapping given their simplicity, directness, and accuracy. However, these methods are also time consuming, costly, and unsuitable for the long-term monitoring of large areas, thereby motivating researchers to pursue automatic methods for terrace mapping. 
FIGURE 1. Agricultural terrace.
With the recent advancements in remote sensing technology, image-classification methods have been proposed for the automatic detection of terraces. These methods can be classified into pixel-and object-based methods. The performance of pixel-based methods [14] , [16] is greatly affected by land cover types and image quality given that these methods only consider spectral information [17] . Meanwhile, object-based methods [18] , [19] take full advantage of the spectral and spatial information of target features and have demonstrated advantages over pixel-oriented methods [17] , particularly in very high resolution imageries [20] , [21] .
Although terraced areas can be acquired from imageclassification methods, challenges still persist. Terrace ridges cannot be detected or measured in previous image-classification methods. Terraces comprise treads and ridges (FIGURE 1). The ridges, which form the main constructive part of agricultural terraces, are built by hand and require manual maintenance. If managed improperly, then these ridges will collapse and will be followed by soil loss, gully erosion, and cultivation threats [22] , thereby producing a negative ecological effect [11] . Therefore, detecting and mapping terrace ridges are important and significant for managing agricultural production and monitoring soil-andwater loss.
Terrace ridges exhibit linear features characterized by long, narrow shapes in high-resolution satellite imageries. Numerous linear feature extraction methods for high-resolution satellite imageries have been proposed [23] - [26] . Among these methods, established edge detection methods [27] - [32] , such as Roberts, Log, and Canny, can detect potential terrace ridges from the background of an imagery. However, these methods often produce much noise in detecting geographic objects due to the lack of geomorphology meaning.
Therefore, these methods are not directly applicable in terrace ridge mapping.
Accordingly, the objectives of this paper are to (1) develop an automatic method for mapping terrace ridges by combining the geomorphology and image features of a terrace; (2) assess the accuracy of the results by comparing them with manually digitized terrace ridges; and (3) discuss the sensitivity of the parameter settings and the applicability of the proposed method.
II. AREAS AND DATA

A. AREAS
Four study sites distributed in the Loess Plateau of China were selected to develop and validate the proposed method (FIGURE 2). The V1, V2, and V3 areas in Pianguan County, Shanxi Province, China are typical loess hilly areas, while the V4 and V5 areas in Ansai County, Shaanxi Province are typical loess ridge areas. The four study areas have different terrace areas, ridge lengths, and distribution patterns. TABLE 1 lists detailed information on these study areas. These four areas used in this study could validate the applicability of the proposed method.
B. DATA
Google Earth images and the Advanced Space Borne Thermal Emission and Reflection Radiometer Global Digital Elevation Model (ASTER GDEM) were employed due to their open source. The selected Google Earth images had different imaging dates (Table 1 ) and a 1 m spatial resolution. The trace of terrace ridges is clear at this level of spatial resolution. Meanwhile, the ASTER GDEM generated from stereo-pair satellite images has been widely used for larger scale studies. In this study, the ASTER GDEM V2 (https://earthexplorer.usgs.gov/) released on 2011 was used with a 1-arc-second (∼30 m) resolution to develop the proposed method.
III. METHODOLOGY A. BASIC IDEA
Terrace ridges clearly exhibit linear features in highresolution images and can be detected by using existing edge detection methods. However, these methods often produce a significant amount of noise. Therefore, the geomorphology features of ridges must be taken into consideration. In agriculture, terraces are defined as fields that are distributed along contour lines on hillslopes [33] . According to the direction of terrace distribution, we can use a DEM to generate contour direction to improve the edge detection for mapping terrace ridges. FIGURE 3 shows the methodology workflow. First, the terraced areas were extracted by using an image classification method, and an edge-detecting operator was employed to detect all small linear edges (described in Section 3.2). Second, a DEM was used to generate the contour direction (described in Section 3.3). Third, according to the obtained contour direction, a contour-directional detection was designed (described in Section 3.4). Only the cells retrieved via contour-directional detection were considered part of terrace ridges. Finally, the performance of the proposed method was validated by comparing its results with manually digitized terrace ridges.
B. EDGE DETECTION
The terrace areas were obtained by using the object-based image-classification method [19] at first. Then, edge detection was used to identify the potential terrace ridges. Well-known edge detection operators, including Sobel [34] , Roberts [30] , Prewitt [35] , Log [36] , and Canny [37] , can generate different results with various types of images [38] . Among these operators, the Canny operator provides a multistage algorithm for detecting a wide range of edges in images. Researchers have validated the capability of Canny operator in detection of potential linear features [23] . Hence, the VOLUME 7, 2019 Canny edge detector was implemented in this study by using MATLAB R2017a.
The detection results of the Canny detector depend on two threshold parameters in MATLAB R2017a, namely, the lower and upper thresholds. The lower threshold is automatically determined by a given upper threshold (lower threshold = 0.4 * upper threshold). FIGURE 4 shows a series of results when use different thresholds. The small thresholds can detect as many edges as possible (FIGURE 4(b) ). As the thresholds increase in size, the edges become fewer in number (FIGURE 4(c) ), while some candidate terrace ridges may be lost (FIGURE 4(d) ). Therefore, small thresholds (i.e., upper 0.05 and lower 0.02) were used for edge detection in order to include all candidate cells belonging to the terrace ridges.
C. CONTOUR DIRECTION
The contour direction for a cell in a DEM is defined as the direction of the cell to its adjacent cell with an equal elevation. Two searching types, namely, counterclockwise searching (FIGURE 5(a)) and clockwise searching (FIGURE 5(b) ), can be used to calculate contour direction. Counterclockwise searching was adopted in this study.
After the searching, the direction of a cell was encoded as 1 to 8 (FIGURE 6(a) ), with each number representing the east, southeast, south, southwest, west, northwest, north, and northeast directions, respectively. For example, FIGURE 6(b) shows an original DEM. Through the searching of adjacent cell with an equal elevation and coding the direction, the contour direction was obtained as shown in FIGURE 6(c).
D. CONTOUR-DIRECTIONAL DETECTION 1) DIRECTIONAL DETECTION
After the Canny edge detection, the image was outputted as a matrix with numbers 0 and 1, where 1 denotes the edges, including the terrace ridges and noise. Directional detection was designed to identify the cells from the candidate ridges and to filter out noise. The results of the large-scale field investigation revealed that terrace ridges are generally distributed parallel to the contour direction. Therefore, the detection rules were formulated based on the contour direction. FIGURE 7 shows the detection rules applied in each direction. A searching order was provided for each direction (FIGURE 7(a) ). Directional detection was performed not only along the contour direction but also along the neighboring direction to detect ridges as much as possible.
The detection began from the first line of the edge image. If the current cell value is 1 (if 0, then this cell is skipped), then the detection starts; this cell would be marked as a candidate ridge, while its contour direction would be read for further detection (FIGURE 7(b) ). For example, if the direction is 1, then its right cell (first searching order) is searched. If the right cell has a value of 1, then this cell is marked as a candidate ridge and will be taken as a new current cell for a new detection. If the right cell has a value of 0, then the upper right cell (second searching order) is searched. If the upper right cell has a value of 0, then the lower right cell (third searching order) is searched. If the lower right cell has a value of 0, then the search is stopped and the procedure for the next object begins until the last row of the edge image is traversed.
The detecting rules for directions 2 to 8 are basically the same, except in terms of search order priority (FIGURE 7(a) ).
2) CELL CONNECTION AND FILTER
Many noise cells were removed after the directional detection. However, a few pseudo ridges cells remained in the image. The neighboring candidate cells were connected along the search direction to identify terrace ridges. Afterward, a length threshold was set according to the planar elongated feature of the terrace ridges. Only those connected cells with lengths exceeding the threshold were identified as terrace ridges and coded as objects. After directional detection and coding, the image was reclassified according to its code. Finally, the reclassified image was converted into vector as the ridge lines.
E. ACCURACY ASSESSMENT
Terrace ridges are clearly shown in high-resolution images and can be easily identified through field investigation. Visual interpretation of high-resolution images is widely used as ground truth to assess the accuracy of objective detection [39] - [41] . Thus, to assess the performance of the proposed method, the reference data were digitized artificially based on high-resolution images and fieldwork knowledge.
Three indices, namely, completeness, correctness, and quality, are widely used in assessing the linear features extracted from images [42] - [45] . Completeness reflects how much the terrace risers have been completely detected, correctness indicates how much the terrace risers have been correctly extracted, and quality shows the overall assessment of precision and recall. These indices have been employed to produce a quantitative assessment of accuracy from the aspects of position and length. To calculate these indices, a buffer was constructed around each reference ridge. Given that the image resolution was 1 m, the extracted ridges falling within the 1 m buffer zone were considered ''correct detection,'' while those falling outside this zone were considered ''incorrect detection''. These indices were then computed as follows:
where L m indicates correct detection and the total length of the extracted ridges that match the reference ridges, L r is the total length of the reference ridges, and L e is the total length of the extracted ridges. Figure 8 shows the results for the V1 area. Only those edges that are distributed along the contour direction can be regarded as terrace ridges. In this process, a length threshold was used to filter out the false positives. Considerable false positives were included in the result when a small length threshold was used (FIGURE 8(a) ). The terrace ridges were also discontinuous with a small length threshold. When the length threshold increased, the number of detected ridges decreased. However, the false positives decreased more obviously than the correct results (FIGURE 8(c) and 8(d)). If the length threshold increased further, then the short terrace ridges would be filtered, thereby increasing the number of missing ridges (FIGURE 8(f) ). The optimum length threshold should be a balance of maximum noise removal and terrace ridge detection. Therefore, a quantitative accuracy assessment was performed to determine the appropriate length threshold. TABLE 2 shows the accuracy of the proposed method with different length thresholds. Along with an increasing threshold in the V1 area, the correctness increased and the completeness decreased persistently, whereas the quality initially increased and subsequently decreased. Quality is taken as an assessment criterion due to its capability to comprehensively indicate correctness and completeness. With the highest quality of 79.26%, the corresponding length threshold was 20 m, which was the optimum length threshold for this area.
IV. RESULTS AND DISCUSSION
The proposed method was applied in the V2 to V5 areas to validate its replicability (FIGURE 9). In these areas, a small threshold produced much noise apart from the terrace ridges. Meanwhile, a large threshold neglected the short terrace ridges. The optimum threshold should be a balance of maximum noise removal and terrace ridge detection. The length threshold acquired by the quality index through a series of experiments was then optimally certified. TABLE 3 shows the performance of the proposed method with optimum length thresholds in these areas. The correctness, completeness, and quality ranged from 82.57% to 94.92%, from 82.51% to 88.39%, and from 70.28% to 84.40%, respectively. Although the terrace areas, ridge lengths, and distribution patterns differed among these areas, the majority of the terrace ridges were correctly identified by the proposed method. The outstanding performance of this method in these study areas indicated that the proposed method is replicable and robust.
However, the optimum length thresholds varied across the study areas (TABLE 3) . V5 had the largest length threshold of 35 m, followed by V2, V1, V3, and V4. Length threshold plays an important role in terrace ridge detection to determine the performance of the proposed method. Although length threshold can be acquired by the quality index through a series of experiments, this process cannot be automated. Therefore, a better method for determining length threshold is needed. Given the differences in the dimensions of the terraces across the study areas, the optimum length threshold was assumed to be related to the dimensions of these terraces. Therefore, the average length of terrace ridges (TABLE 1) was regressed against the optimum length threshold to establish a relationship. The results show a strong positive correlation between the optimum length threshold and average length of terrace ridges (FIGURE 10), and the resulting equation was:
where y is the optimum length threshold and x is the average length of terrace ridges. This finding suggests that terraces with a long average ridge length should use a large length threshold. Moreover, Eq. (4) can be used to predict the optimum length threshold for other areas. 
V. CONCLUSION
This study proposed a contour-directional detection method for automatically mapping terrace ridges. The Canny detector with small thresholds detected almost all edges from remote sensing images at first. Then, the contour direction and the edge image were overlaid to implement contour-directional detection, which detects ridges along the contour direction. In this process, a length threshold was used to filter out the false positives. The optimum length threshold can be determined by the average length of the terrace ridges. Terraces with a long average ridge length should use a large length threshold. Experiments in the four study areas verified the replicability of this method. The correctness, completeness, and quality of this method ranged from 82.57% to 94.92%, from 82.51% to 88.39%, and from 70.28% to 84.40%, respectively. However, the proposed method is widely available and can be easily applied by using open global images and DEMs (e.g., Google Earth images and the ASTER GDEM).
This work contributes to terraced land maintenance, agricultural production management, and monitoring gully erosion or gravity erosion in farmlands. This study also provides an idea of using topographic information to support object detection. Further study is required to monitor the temporal changes in terraced land.
